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AEBP1 down regulation induced
cell death pathway depends on
PTEN status of glioma cells
Swati Sinha1, Arun Renganathan1,2, Prathima B. Nagendra1,3, Vasudeva Bhat
Brian Steve Mathew1 & Manchanahalli R. Satyanarayana Rao1

1,4

,

Glioblastoma (GBM) is the most common aggressive form of brain cancer with overall dismal prognosis
(10–12 months) despite all current multimodal treatments. Previously we identified adipocyte enhancer
binding protein 1 (AEBP1) as a differentially regulated gene in GBM. On probing the role of AEBP1 over
expression in glioblastoma, we found that both cellular proliferation and survival were affected upon
AEBP1 silencing in glioma cells, resulting in cell death. In the present study we report that the classical
caspase pathway components are not activated in cell death induced by AEBP1 down regulation in
PTEN-deficient (U87MG and U138MG) cells. PARP-1 was not cleaved but over-activated under AEBP1
down regulation which leads to the synthesis of PAR in the nucleus triggering the release of AIF from the
mitochondria. Subsequently, AIF translocates to the nucleus along with MIF causing chromatinolysis.
AEBP1 positively regulates PI3KinaseCβ by the binding to AE-1 binding element in the PI3KinaseCβ
promoter. Loss of PI3KinaseCβ expression under AEBP1 depleted condition leads to excessive DNA
damage and activation of PARP-1. Furthermore, over expression of PIK3CB (in trans) in U138MG
cells prevents DNA damage in these AEBP1 depleted cells. On the contrary, AEBP1 down regulation
induces caspase-dependent cell death in PTEN-proficient (LN18 and LN229) cells. Ectopic expression of
wild-type PTEN in PTEN-deficient U138MG cells results in the activation of canonical caspase and Akt
dependent cell death. Collectively, our findings define AEBP1 as a potential oncogenic driver in glioma,
with potential implications for therapeutic intervention.
Glioblastoma multiforme (GBM) is a very aggressive form of brain cancer with very poor prognosis. These cancer patients have overall survival span averaging one-year despite of multimodality therapeutic interventions
involving surgery, radiotherapy with concomitant adjuvant chemotherapy. A better understanding of the genetic
and the epigenetic determinants of GBM are being pursued actively for identifying novel effective therapeutic
targets to treat these aggressive tumor cells. We had observed earlier that adipocyte enhancer binding protein 1
(AEBP1) expression to be up-regulated in primary GBMs as opposed to progressive secondary GBMs through
transcriptome analysis1. AEBP1 was originally discovered as a transcriptional repressor that binds to the AE-1
element of the ap-2 gene which codes for the fatty acid binding protein 4 (FABP4)2. Fabp4 is involved in the differentiation of preadipocytes to mature adipocytes and smooth muscle cell differentiation3. In addition to its role in
the adipose tissue, AEBP1 is being increasingly implicated in different cancers. AEBP1 expression is up-regulated
in prostate cancer4 and its up-regulation confers acquired resistance to BRAF (V600E) inhibition in melanoma5.
AEBP1 is also reported to promote mammary cell hyperplasia through up-regulation of Hedgehog and NFkB
pathway components6. A group of 10 genes including AEBP1 is linked to high metastasis and poor prognosis
in serous ovarian cancer7. In an initial effort to understand the role of AEBP1 in primary glioma, we performed
global gene expression profiling in AEBP1 down regulated U87MG glioma cell line and identified a large number
of perturbed genes belonging to categories of cell cycle, differentiation, proliferation and apoptosis8. We also
showed that down regulation of AEBP1 resulted in cell death of both U87MG and U138MG cells suggesting that
AEBP1 may play an essential role as an oncogenic protein. This assumes great importance considering the fact
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that migrating GBM cells are resistant to conventional apoptosis (Type I programmed cell death) due to the over
expression of IAPs9, and therefore to radiotherapy and conventional chemotherapy10, as a consequence of which
GBM (Grade IV) patients have a poor prognosis with a median survival of only14.6 months11.
The conventional mechanisms of cell death are apoptosis, autophagy, and necroptosis. Although apoptosis is generally characterized by nuclear pyknosis, chromatin condensation, and phosphatidyl serine exposure on the plasma membrane, these are not truly specific biomarkers for caspase activation. In an alternative,
caspase-independent pathway, phylogenetically conserved death effector molecule termed AIF has been shown
to mediate chromatin condensation and induce phosphatidyl serine exposure when caspase activation is inhibited12,13. In some paradigms of yeast cell death14 and in mammalian neurons15, AIF is necessary for cell death
induction. AIF is typically confined to mitochondria but translocates to the nucleus under the influence of poly
(ADP-ribose) (PAR) polymerase-1 (PARP-1) activation when cell death is induced16,17. This distinct cell death
pathway mediated by events such as over activation of PARP1, PAR synthesis, nuclear AIF translocation and large
scale DNA fragmentation are specific to the phenomenon of parthanatos18,19. This unique parthanatos distinguishes itself from caspase dependent apoptosis pathway in not involving relevant caspases. Our previous study
shows that down regulation of AEBP1 in glioma cells resulted in cell death8, thus we were interested in exploring
the actual mechanism of cell death triggered by depletion of AEBP1. In the present study, we deciphered that
AEBP1 depletion-induced cell death mechanism in glioma cells and its dependence on the genetic background of
tumor cells. We demonstrate that AEBP1 down regulation in Phosphatase and tensin homolog (PTEN)-deficient
(U87MG and U138MG) cells causes phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit beta
(PIK3CB) depletion by directly decreasing its transcript levels leading to large-scale DNA damage, hyperactivation of PARP-1, PAR polymer mediated release of AIF from mitochondria and subsequent caspase-independent
cell death by Parthanatos20. On the other hand, AEBP1 down regulation in PTEN-proficient (LN18 and LN229)
cells induces the classical caspase-dependent cell death pathway. It has been previously established that the lipid
kinase activity of PI3KCβ is essential to maintain PI3Kinase signaling in PTEN deficient cells. Also PI3Kinase is
essential for the maintenance of genomic integrity21. Furthermore, ectopic expression of PTEN wild-type cDNA
in U138MG cells (PTEN deficient) induced caspase-dependent cell death pathway in AEBP1 depleted cells. Thus,
PI3kinaseβ assumes importance in PTEN deficient tumors like glioma as its ablation impedes tumorigenesis. This
is the first report of a transcription factor (AEBP1) acting as a potential oncogenic protein in GBM by regulating
the expression of PI3KCB, which is increasingly being recognized as an important molecule in the pathobiology
of many cancers22.

Materials and Methods

Cell culture and reagents. Glioma cells, U87MG, U138MG, LN18 and LN229 were purchased from ATCC

and cultured in DMEM (Sigma Aldrich) supplemented with 10% FBS (Gibco) and 1% penicillin/streptomycin
(Gibco) at 37 °C with 5% CO2. All fine chemicals were purchased from Sigma Aldrich and Life Technologies
unless otherwise specified.

AEBP1 silencing. For down regulation of AEBP1 with small interfering RNAs (siRNA), GBM cells were
transfected with 100 nM of siRNA pool (Supplementary Table S2, Dharmacon Inc.,USA) targeted against AEBP1
or non-targeting scrambled siRNA pool by using Lipofectamine 2000 (Life technologies, USA). In our earlier
study we observed no significant loss of cell viability in U138MG and U87MG cells during the first 4 days of post
transfection even though AEBP1 was significantly down regulated at this time period. Furthermore, the reduction
in cell viability was observed from 5th day onwards which suggested us that silencing of AEBP1 resulted in the loss
of proliferative potential or cell death8. Nevertheless, we assessed the effect of AEBP1 silencing in U138MG cells
on selected on-target (CAMTA1, MDM2, UBE3A, ARNT, CD93 and MAPK13) and off target genes (TP53INP1,
DMTF1, ERBB2P and SIVA1) expression levels. These genes were categorized as on-target and off-target genes
with respect to the presence of AE 1 binding element in their promoters8. As shown in the Supplementary Fig. 1
AEBP1 silencing in U138MG does perturb its on-target genes but not its off-target genes. Thus, in this study
siRNA pool was replenished every 60 hours in case of U87MG, LN18 and LN299 cells and every 36 hours in the
case of U138MG cell line for over a period of 9 days to maintain the Aebp1 depleted condition. Total RNA was
extracted using Trizol reagent and reverse transcription was carried out with RevertAid first strand cDNA synthesis kit (Thermo Scientific, USA) according to the manufacturer’s protocol.
Antibodies.

Antibodies used in this study are as follows: rabbit monoclonal anti-cleaved caspase 8 antibody
(Novus Biologicals), rabbit monoclonal anti-cleaved caspase 9 antibody (Novus Biologicals), rabbit monoclonal
anti-cleaved caspase 3 antibody (Novus Biologicals), rabbit polyclonal anti-cleaved PARP-1 antibody (Abcam),
rabbit polyclonal anti-Bid cleavage site antibody (Abcam), rabbit monoclonal anti-AIF antibody (Abcam), mouse
monoclonal anti-PAR antibody (Abcam), mouse monoclonal anti-MIF antibody (Cusabio), rabbit monoclonal
anti-PI3Kinase p110 beta antibody (Abcam), mouse monoclonal anti-γH2AX antibody (raised in house) and
rabbit polyclonal anti-GAPDH antibody (Abcam).

Western blot analysis. Proteins were separated by 10–15% SDS-PAGE, transferred to nitrocellulose mem-

branes (Amersham Bioscience), blocked with 5% skimmed milk/PBST, and then probed with antibodies as
indicated. Protein bands were detected by chemiluminescence with the ECL system (Pierce) according to the
manufacture’s protocol.

Luciferase reporter assay for promoter activity of PI3kinase catalytic sub unit beta. PI3kinase

110 CB promoter (−2000–+200 bp) was amplified from genomic DNA isolated from U138MG glioma cells and
cloned into the XhoI and HindIII sites of the basic pGL3-promoter vector (Promega Corp. USA). 2.5 × 104 cells
were seeded per well in a 24-well plate, 24 hours prior to transfection. 2 μg of various reporter constructs were
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co-transfected in U138MG and HeLa cells along with 200 ng of pCMVβ, (internal control plasmid pGL3-β Gal
that expresses the β-galactosidase gene under the control of CMV promoter) as a transfection control. After
24 hours of post transfection, cells were subjected to AEBP1 silencing for different time periods. Cells were processed as prescribed in Pierce Firefly Luciferase Glow Assay Kit protocol (Thermoscientific USA) and relative
light units were measured in a Luminometer (Berthold detection systems). β-galactosidase activity was measured
by fluorometric assay and used to normalize transfection efficiency. The primers used in the study are listed in
Supplementary Table 2.

Caspase-Glo 3/7 assay.

U138MG cells were transfected with 100 nM of siRNA pool targeted against
AEBP1 and cultured over a period of 11 days. Caspase activity was measured at different time points by using the
Caspase-GloTM3/7 assay kit (Promega, WI) according to the manufacturer’s protocol. Briefly, Caspase-Glo 3/7
solution was added to the culture media and incubated at 37 °C for 30 min in a cell culture incubator. The contents of each well were mixed carefully with a micropipette and 50 µl of this mixture was transferred to a 96-well
polystyrene assay plate (Corning Inc., NY) and the light emitted was read in a microplate luminometer at 570 nm.

Pan-caspase inhibition and cell viability assay.

U138MG cells were plated in 96-well plates and were
transfected every 36 hours with 100 nM of siRNA pool designed against AEBP1 or non-targeting scrambled
siRNA as a control for a period of 9 days. HeLa cells were treated with 10 µg/ml doxycycline (Sigma Aldrich)
for inducing caspase mediated apoptosis. To check the involvement of classical caspase pathway, pan-caspase
Inhibitor Z-VAD-FMK (Promega) was added at a final concentration of 20 mM, two hours prior to either doxycycline treatment or AEBP1 siRNA treatment. After completion of treatment, cells were treated with MTT (3-[4-5
dimethyl thaizole-2-yl]2-5 diphenyltetrazolium bromide (Sigma-Aldrich) for 4 hours and the formazan crystals
formed by metabolically active cells was solubilized in DMSO and measured in a spectrophotometer at 550 nm.

Immunofluorescence assay.

Cells were grown on coverslips and subjected to AEBP1 down regulation as
described above. After desired period of incubation, cells were fixed with 4% paraformaldehyde for 20 minutes,
permeabilized with 0.1% triton X-100 for 10 minutes and blocked with 1% BSA. Cells were incubated with primary antibodies in 1X PBS with 1% BSA at 4 °C for overnight. The primary antibodies used were rabbit anti-AIF
antibody (Abcam), rabbit anti- PI3 Kinase p110 beta antibody (Abcam) and mouse monoclonal anti-γH2AX
antibody (raised in house). Appropriate secondary antibodies conjugated with Alexa fluor 488, 568, or 633
(Invitrogen/Molecular Probes) were used. The secondary antibody was added and incubated for one hour at
room temperature. Mitotracker Red CMXRos dye (Life Technologies) was used to assess the mitochondrial outer
membrane potential (MOMP).

Immunoprecipitation.

Cells were treated with lysis buffer (50 mM Tris pH7.4, 0.1% NP40, 100 mM NaCl,
0.1 mM EDTA, 1% Glycerol, 1 nM PMSF, 1X Protease Inhibitor Complex and 5 mM MgCl2).The total cell lysate
was precleared with Protein A agarose beads (Invitrogen) and the lysate was incubated with antibody of interest,
overnight at 4 °C in an end to end rotator. Preimmune-IgG was used as a negative control. Protein-A-agarose
beads were added in 1/10th measures of the lysate at 4 °C for 4 hours. Beads were collected and washed with the
lysis buffer 2–3 times. These samples were prepared to load on a 10–15% SDS-PAGE and were blotted on to a
membrane and probed.

Chromatin immunoprecipitation (ChIP). Cells were cross-linked with 1% formaldehyde and the reaction was quenched with glycine (0.125 M). They were resuspended in ChIP incubation buffer (0.1% SDS, 0.5%
Triton X-100, 20mMTris-HCl pH8, and 150 mM NaCl) and sheared using a bioruptor sonicator (Diagenode).
Sonication efficiency was standardized to get an enrichment of DNA fragments in the range of 600 bp to 2 kb. The
sonicated chromatin was centrifuged for 15 min and resuspended in IP buffer (20 mM Tris/HCl pH7.4, 150 mM
NaCl, 2 mM EDTA, 10% glycerol, 1% Triton X-100 and Mammalian Protease Inhibitor Complex) and the resultant lysate was precleared using Protein A agarose beads (Invitrogen) and then incubated with 3 μg of histone
H3 antibody or 3 μg of mouse IgG (negative control) for 12 h at 4 °C. The immune complex was captured with
Protein A agarose beads for 4 h at 4 °C. The beads were successively washed twice with Buffer 1 (0.1% SDS, 0.1%
deoxycholate, 1% Triton-X 100, 0.15 M NaCl, 1 mM EDTA, 0.5 mM EGTA, 20 mM HEPES [pH 7.6]) and once
with Buffer 2 (0.1% SDS, 0.1% sodium deoxycholate, 1% Triton-X 100, 0.5 M NaCl, 1 mM EDTA, 0.5 mM EGTA,
20 mM HEPES [pH 7.6]). The captured chromatin fragments were eluted by incubation of the beads with elution
buffer (1% SDS, 0.1 M NaHCO3) at room temperature for 20 min. The proteins associated with precipitated chromatin was further resolved on 10% SDS PAGE, blotted onto a membrane and probed with AIF and γH2AX antibodies. For ChIP PCR the DNA associated with precipitated chromatin was isolated and analysed using qPCR.
The primers used in the study are listed in Table S2.
Subcellular fractionation. Cells were trypsinised and washed with PBS and lysed with Buffer 1-Digitonin
Buffer (150 mM NaCl, 50 mM HEPES, 7.5 µg/ml digitonin +1% mammalian protease inhibitor Complex) in an
end to end rotator for 10 minutes at 4 °C and centrifuged at 2000 × g. The supernatant was taken to be the cytosolic fraction. The resultant pellet was resuspended in Buffer 2-NP40 Buffer (150 mM NaCl, 50 mM HEPES pH
7.4, 1% NP40), left on ice for half an hour and centrifuged at 7000 × g. The supernatant contained the membrane rich fractions. The pellet was further resuspended in ice cold Buffer 3- RIPA buffer (150 mM NaCl, 50 mM
HEPES, 0.5% sodium deoxycholate, 0.1% SDS and 1% DNase) and incubated in an end to end rotator for an hour
at 4 °C after which the suspension was centrifuged at 7000 × g for 10 minutes. The pellet containing insoluble
proteins was resuspended in the RIPA extraction buffer- Buffer 4 (150 mM NaCl, 50 mM HEPES, 0.5% sodium
deoxycholate, 1% SDS, 100 mM dithiothreitol), and the resultant suspension was mixed with the supernatant
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from buffer 3 to obtain the nuclear lysate. The purity of the fractions was confirmed using western blot probing
with fraction specific protein marker antibodies.

Flow cytometry.

Cells were grown in 65 mm dishes and subjected to AEBP1 down regulation up to 9 days,
as described earlier. Cells were harvested at different time points to analyse the change in Mitochondrial Outer
Membrane Potential, using the MitoTracker Red CMXRos (Life Technologies) (100 nM) as per manufacturer’s
protocol. Briefly, after the treatment cells were trypsinised and centrifuged at 900 × g and washed with PBS. The
cell pellet was resuspended in PBS. Un-transfected cells without adding the mitotracker dye were used as template
to adjust the frequency and voltage to mask the autofluorescence. MitoTracker Red CMXRos dye was added
to scrambled siRNA and AEBP1 siRNA treated samples. Cells were analyzed using FACS Aria Cell Sorter (BD
Biosciences) with an emission wavelength of 577 nm.

®

®

Analysis of DNA fragmentation.

After the AEBP1 siRNA treatment as already mentioned above, cells
were trypsinised and centrifuged at 900 × g and washed with PBS and fixed for half an hour in 50% methanol at
4 °C. The solution was diluted in the ratio 1:1 with PBS and the cells were centrifuged down at 900 × g. This was
followed by RNase treatment (50 µg/ml) for 1–3 hours at 37 °C and incubated with PI for 1 hour at 37 °C. Cells
were analyzed using FACS Aria Cell Sorter (BD Biosciences) with an emission wavelength range of 580–630 nm.

Intra-nucleosomal DNA ladder formation assay. Cells were collected after AEBP1 siRNA treatment
and DNA fragments were isolated according to the standard protocol for DNA isolation23. Briefly, glioma cells
were treated with AEBP1 siRNA, harvested, counted and washed with PBS at 4 °C. The cells were pelleted by centrifugation at 200 g at 4 °C. The pellet was suspended in DNA lysis buffer (1 M Tris, pH 8.0, 0.5 M EDTA and 75%
sodium lauryl sarcosine) and incubated overnight with proteinase K (0.5 mg/mL) at 50 °C. After overnight incubation, RNase was added and the cells were again incubated for 1 h at 50 °C. DNA was extracted using phenol/
chloroform (1:1 v/v) and then electrophoresed in 2% agarose gel for 2 h at 50 V. The gel was stained with ethidium
bromide (0.5 μg/mL) and photographed under UV trans-illuminator.
Quantitative real time-PCR measurement of AEBP1 and PI3KCB genes. To assess the gene expres-

sion of AEBP1 and PI3KCB upon siAEBP1, qRT-PCR were performed from total RNA extracted from experimental cells by using Trizol reagent and reverse transcription was carried out with RevertAid first strandcDNA
synthesis kit (ThermoScientific, USA) according to the manufacturer’s protocol. qRT-PCR was performed in
BioRad CFX96 Real-Time PCR System by using SensiFAST SYBR No-ROX Kit (Bioline Reagents Ltd). Each
qRT-PCR reaction (in 25 μL) involved 12.5 μL 2x SensiFAST SYBR No-ROX Mix, 1 μL of each primer, 2 μL cDNA
and 8.5 μL H2O. The cycling conditions included an initial single cycle (95 °C for 3 min), and followed by 40 cycles
(95 °C for 15 s; 57–60 °C for 15 s; 72 °C for 20 s). All amplifications were followed by dissociation curve analysis of
the amplified products. Specific primers were designed using the NCBI, specificities were confirmed with BLAST
and gene expression levels were normalized with GAPDH to attain the relative expression by using 2(−ΔΔCt) value
methods (Supplementary Table S2).

®

Over expression of PI3KCB and ectopic expression of PTENWT in U138MG cells.

The PTEN wild
type cDNA was amplified from LN18 cells derived cDNA by using sequence specific primers that incorporated 5′
HindIII and 3′ BamHI restriction sites (Supplementary Table S2) which was subsequently cloned into the plasmid
vector pcDNA3.1(+) vector to generate pcDNA-PTENWT. PIK3CB ORF clone from GenScript (OHu21708D)
was procured to over express PIK3C beta in U138MG cells. Briefly, U138MG cells were transfected with
pcDNA-PIK3CB or pcDNA-PTENWT construct or pcDNA3.1+ (negative control) by using Lipofectamine 2000
(Life technologies). Over expression of PIK3C beta and ectopic expression of PTENWT was confirmed by probing
PIK3Cbeta or PTEN in total protein extracts after 72 of post-transfection with anti-PIK3C beta or anti-PTEN
antibody.

Statistical analysis.

All statistical data were analysed by GraphPad Prism 5 software. Two-tailed Student’s
t-test and two-way ANOVA tests were used appropriately, and a P < 0.05 was considered statistically significant.
Unpaired parametric t-tests were used to analyze means of two groups. Bar graphs show the mean ± SD of biological replicates.

Results

Caspases are not activated under AEBP1 down regulated condition in U138MG cells. In order
to understand the mechanism of cell death induced upon AEBP1 siRNA mediated down regulation in U138MG
glioma cells, we initially explored the involvement of classical caspase mediated apoptotic pathway in this process24. On probing the initiator caspases, both caspase 8 (extrinsic or ligand mediated pathway) and caspase 9
(intrinsic or mitochondrial pathway), we observed that neither of these caspases were activated upon AEBP1
down regulation in U138MG glioma cells (Fig. 1a). In the doxycycline treated HeLa cells which was used as a
positive control25,26, we observed the activation of caspase 8, 9 and 3. Further, we also probed the mitochondrial
membrane protein Bid as Bid cleavage has been reported to activate caspase 8 through apoptosome complex27.
Here also we did not observe any cleaved Bid product in AEBP1 down regulated U138MG cells. Next we investigated the cleaved caspase 3, which is a common downstream signaling event in the caspase cascade and we did
not observe cleaved caspase 3 under these conditions (Fig. 1a). These findings were further validated by probing
for both the executioner caspases, caspase 3 and 7 using caspase glo3/7 assay using doxycycline treated HeLa cells
as a positive control. While doxycycline activated caspases 3/7 were observed in HeLa cells as seen in Fig. 1b, a
similar activation was not observed in AEBP1 down regulated U138MG cells. To further substantiate the observation that caspase pathway is not involved in AEBP1 down regulated cell death of U138MG cells, we carried out
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Figure 1. Caspases are not activated upon cell death induced by AEBP1 down regulation in U138MG cells.
(a) Western blots of cleaved caspases 8, 9 and 3, cleaved Bid, native PARP-1 and cleaved PARP-1 with GAPDH
as the loading control. Cells were treated with siAEBP1 upto 11 days and harvested at different time points
as mentioned. Scrambled siRNA treated U138MG and untreated HeLa cells were used as negative controls
while doxycycline (10 μg/ml) treated HeLa cells served as a positive control. (b) Caspase Glo Assay, probed for
Caspase 3/7 in U138MG cells upon AEBP1 down regulation. Negative controls were scrambled siRNA treated
U138MG and untreated HeLa cells while doxycycline (10 μg/ml) treated HeLa cells served as positive control.
*p < 0.05, **p < 0.001, ***p < 0.0001 and NS, Non-significant. (Untreated versus Dox treated in HeLa cells
and Scrambled (ScSi) versus siAEBP1 in U138MG cells). One-way ANOVA followed by Dunnett’s test was used
to evaluate the statistical significance. The data are expressed as mean ± SD (n = 3). (c) Activation of caspase
pathway in U138MG cells upon doxycycline treatment using MTT assay. Pan-caspase inhibitors treatment
shows restoration of cellular viability. (d) AEBP1 down regulation induces cell death in U138MG cells despite
addition of Pan Caspase inhibitors. Two sets of cells were treated with AEBP1 siRNA while one of them was
treated with Pan-caspase inhibitors, 2 hours post siRNA treatment. Cellular viability was measured using the
MTT assay. (e) Densitometry analysis of uncleaved PARP-1 upon down regulation of AEBP1 (Fig. 1a); PARP-1
is maximally over expressed 5 days post treatment. ***p < 0.0001, scrambled (ScSi) versus siAEBP1 treated
cells. One-way ANOVA followed by Dunnett’s test was used to evaluate the statistical significance. The data are
expressed as mean ± SD (n = 3).

cell viability assay of these AEBP1 depleted U138MG cells in the presence and absence of pan caspase inhibitor
Z-VAD-FMK, which inhibits caspase dependent cell death. For this purpose, AEBP1 was silenced in U138MG
glioma cells using 100 nM AEBP1 siRNA pool, which was replenished every 36 hours over a period of 9 days and
assessed for cellular viability MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide)assay. MTT
assay is a colorimetric assay for assessing cell metabolic activity and consequently cell viability and proliferation28.
NAD(P)H-dependent cellular oxidoreductase enzymes reduce MTT to insoluble, purple formazan crystals which
was further solubilised in solvent. Absorbance of the solution was quantified by measuring at 500 and 600 nm by
a spectrophotometer. In parallel, cells were treated with doxycycline, an inducer of caspase mediated cell death.
Pan-caspase inhibitor was added 12 hours after each treatment and subjected to MTT assay as mentioned above.
We observed that upon addition of pan caspase inhibitor, doxycycline treated U138MG cells showed no loss in
cell viability (Fig. 1c), whereas cell death was observed in AEBP1 down regulated U138MG cells (Fig. 1d). All
these results clearly suggest that classical caspase pathway components are indeed present in U138MG glioma
cells, but however, the pathway is not activated under AEBP1 depleted conditions. Finally, we probed for the
cleavage of DNA nick sensing repair enzyme, PARP-1. PARP-1 is cleaved and inactivated by cleaved caspase 3.
As expected we did not observe any cleaved PARP-1 under the experimental conditions, instead we noted higher
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Figure 2. Activated PARP-1 leads to loss of MOMP mediated chromatinolysis. (a) AEBP1 silenced U138MG
glioma cells (Lanes 6–9) show accumulation of large 50Kb fragments while doxycycline treated HeLa cells
(Lane 3) show typical nucleosomal ladder pattern characteristic of apoptosis. (b) FACS analysis shows
accumulation of sub n population of cells in AEBP1 down-regulated U138MG cells. AEBP1 siRNA treated
cells were labeled with PI (50 µg/ml) and were gated for the Sub G0 population as P1 in a Pulse Area Vs Pulse
Width of the PE- 561 nm laser. (c) PARP-1 activation was monitored with PAR polymer production by western
blot analysis at various time points upon AEBP1 down regulation. Un-transfected and scrambled siRNA (ScSi)
treated U138MG cells were used as controls. (d) FACS analysis of Mitotracker measured at 577 nm in a Count
Vs. Pulse-Area graph. Cells with live mitochondria metabolize the chloro-methyl moiety converting to a red
fluorescent dye which can be read at 577 nm. The number in the graph is an average of three independent
experiments indicating the percentage of cells showing signal at given time point and within the threshold
intensity.

level expression of native PARP-1 in comparison to scrambled siRNA (ScSi) treated U138MG cells (Fig. 1e).
However, under similar experimental conditions, doxycycline treated HeLa cells did show cleaved PARP-1
(Fig. 1a).

DNA damage and PARP-1 over activation in AEBP1 depletion condition. Caspase mediated apoptosis is characterized by the fragmentation of genomic DNA generating nucleosomal ladder pattern15,24. When we
analyzed the genomic DNA of AEBP1 silenced U138MG cells, we did not observe any pattern of DNA fragments
reminiscent of nucleosomal ladder (Fig. 2a; lane 6–9). However, we did observe a smear of genomic DNA approximately around 50 Kb in AEBP1 siRNA transfected U138MG cells indicating that DNA is cleaved randomly to
generate approximately 50 Kb large sized fragments. However, we observed DNA ladder formation in doxycycline
treated U138MG cells at 50 ug/ml (Supplementary Fig. 2). We further corroborated this large scale DNA fragmentation by FACS analysis of cells after staining with propidium iodide. These results shown in Fig. 2b reveal
that on 7th day and 9th day post AEBP1 siRNA transfection, most of the cells were in P1 quadrant, representative
of sub G0/G1 cells having DNA content less than ‘n’, which is indicative of large scale fragmentation of DNA. As
previously shown, cell proliferation was impeded and viability decreased from 5th day onwards8.
Apoptosis inducing factor (AIF) is a mitochondrial flavoprotein involved in bioenergetics and redox metabolism29–31. Loss of mitochondrial outer membrane potential causes leakage of AIF16. AIF then leaches into the
cytosol and further translocates to the nucleus, where it participates in peripheral chromatin condensation and
chromatinolysis32,33. This release of AIF from mitochondria is believed to be triggered by PARP-1. The synthesis
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of PARP-1 is linked to DNA repair in the nucleus17. Excessive activation of PARP-1 leads to an intrinsic cell death
program, poly (ADP-ribose) (PAR) polymer (PAR) that is synthesized in the nucleus and released into the cytoplasm where it triggers the release of AIF from the mitochondria34,35. Since PARP-1 was not cleaved under AEBP1
depleted conditions in U138MG cells (Fig. 1a) we probed for PARP-1 activation induced PAR polymer formation.
PAR polymer was measured in a time dependent manner upon AEBP1 down regulation and it was observed that
there was an increase in the formation of this polymer on the 3rd day which was increased several fold on the 5th
day post AEBP1 down regulation (Fig. 2c). However, we did not detect PAR polymer from 7th day onwards. From
these observations we inferred that AEBP1 down regulation causes caspase independent cell death and this cell
death is mediated by PARP-1 and this might release the AIF from the mitochondria.

Loss of MOMP and AIF release from the mitochondria. Mitochondria sequester various pro apoptotic

proteins within its inter-membrane space; consequently, the integrity of the outer mitochondrial membrane is
essential for a healthy normal cell18,36. The disruption of the outer mitochondrial membrane is essential for initiating cell death. We therefore examined whether there is a loss of outer mitochondrial membrane potential/loss
of membrane integrity in AEBP1 depleted U138MG cells. To investigate this possibility, we used MitoTracker Red
CMXRos, a red-fluorescent dye that stains mitochondria in live cells and its accumulation within the mitochondria is dependent on positive membrane potential. The loss of membrane integrity and subsequent mitochondrial leakage causes drop in the membrane potential and hence reduction in staining intensity. As can be seen
in Fig. 2d, we observed that 91.17% of the cells treated with scrambled siRNA showed positive MOMP whereas
AEBP1 depleted cells showed loss of MOMP as days of treatment progressed. There was a significant decrease
in Mitotracker staining on 5th day post transfection (70.66%) which showed a further decrease on 7th day post
AEBP1 siRNA (86.66%) and 9th day (86.94%) post AEBP1 siRNA treatment.
As a consequence of this loss of mitochondrial outer membrane integrity, we expected AIF to be released
from the mitochondria. The release of AIF was monitored by both immunofluorescence and sub cellular fractionation. As can be seen in Fig. 3a,b, we observe the release of AIF from mitochondria from 5th day onwards.
AIF tends to accumulate in the peri-nuclear region by the 5th day and ultimately moves into the nucleus on the
7th day and is predominantly in the nucleus on the 9th Day. This was further validated by western blotting analysis
of the sub cellular fractions (Fig. 3c). We did not observe any AIF in the nuclear fraction in scrambled siRNA
treated U138MG glioma cells. Despite molecular association studies on AIF, yet we still do not understand the
molecular function of AIF inside the nucleus particularly in chromatinolysis15,35. Recently, Wang et al.19 have
identified macrophage inhibitory factor (MIF) as a PARP-1-dependent AIF associated nuclease that is required
for parthanatos and also have shown that AIF is required for recruitment of MIF to the nucleus. An earlier study
has shown that MIF is highly expressed in human glioma cell lines which increases further with the grade of
malignancy of human glioma patients37. We have observed that MIF is expressed in the four selected glioma cells
(Supplementary Fig. 3) and in this background, we hypothesized that MIF’s nuclease activity and AIF-mediated
recruitment are required for AEBP1 down regulation induced parthanatos. To prove this hypothesis, we checked
for the subcellular localization of MIF in AEBP1 down regulated U138MG cells by western analysis. As shown
in the Fig. 3d,e, we observed that MIF levels gradually increased in the nuclear fractions of AEBP1 silenced
U138MG cells from 3rd to 11th day while there was a corresponding decrease in its cytoplasmic level. These observations confirm that AEBP1 down regulation in U138MG cells leads PARP-1 over-activation resulting in higher
PAR polymer formation. It is quite likely that PAR polymers which translocate from nucleus to cytoplasm, trigger
the AIF release from mitochondria by altering the MOMP. In the presence of nuclear translocated AIF, MIF more
efficiently cleaves the genomic DNA into larger fragments19.

AEBP1 depletion increases γH2AX foci in the nucleus. Since AEBP1 down regulation resulted in
MIF mediated large scale DNA fragmentation in the nucleus because of AIF translocation, we predicted that it
is quite likely that double strand breaks may be accumulating under AEBP1 depleted condition. We examined
the levels of double strand breaks in U138MG cells following AEBP1 down regulation by monitoring γH2AX
foci through immunofluorescence analysis. Cancer cells by default tend to accumulate double strand breaks38
which are very low in control un-transfected and scrambled siRNA treated U138MG cells as shown in Fig. 4a.
However upon AEBP1 down regulation, there is a steady increase in the number of γH2AX foci progressively on
5th, 7th and 9th day post AEBP1 siRNA transfection (Fig. 4b). It is also interesting to note that the γH2AX foci are
predominantly in the nuclear periphery to begin with and at later time points, there were many more foci accumulating in the core of the nucleus. We were curious to know whether these γH2AX foci are associated with AIF
bound chromatin domains in AEBP1 depleted U138MG cells. We isolated chromatin fractions from the 7th day
post AEBP1 siRNA transfected cells and immunoprecipitated with either AIF or γH2AX antibodies and probed
for the other protein and the results are shown in Fig. 4c,d. We checked whether MIF also associates with the
γH2AX-associated chromatin which was demonstrated in Fig. 4e. These results clearly demonstrate that γH2AX
foci are in the same chromatin domain interacting with AIF-MIF in the nucleus.
Increase in DSB foci is mediated by PI3KCB down regulation. Next, we addressed the possible reasons for the accumulation of DSBs and DNA fragmentation in the absence of AEBP1. The basal levels of PAR are
very low in cancerous cells17. However, excessive activation of PARP-1 leads to 10–500-fold increase in PAR polymer formation39. PARP-1 is activated by DNA damage that is inherent to cancer and massive DNA damage may
lead to rapid activation of PARP-1 and PAR formation. Thus, an obvious question that arises at this point is the
reason for such a significant increase in PAR polymer formation in AEBP1 depleted U138MG cells. Recently it has
been shown that PI3Kβ is necessary for the double stranded DNA break sensing40. Inhibition of PI3Kβ has been
shown to retard the DNA damage repair process21 and cause genomic instability. Previously it has been shown
that down regulation of PI3KCB leads to loss of cell proliferation, cell cycle arrest and apoptosis21. This function
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Figure 3. AEBP1 down regulation releases AIF from mitochondria which translocates to the nucleus along
with MIF. (a) Triple Immunofluorescence images of U138MG cells representing AIF and mitotracker together
with DAPI showing movement of AIF from mitochondria to nucleus and loss of MOMP upon AEBP1 silencing
in U138MG cells. (Scale Bar-10 μm). (b) Graphical representation of percentage of cells showing AIF nuclear
localization upon AEBP1 silencing up to 9 days. Cells were counted manually for each day post transfection
with siAEBP1. ***p < 0.0001 and NS, Non-significant. (Scrambled (ScSi) versus siAEBP1 treated cells). Oneway ANOVA followed by Dunnett’s test was used to evaluate the statistical significance. The data are expressed
as mean ± SD (n = 3). (c) Subcellular localization of AIF. Upon AEBP1 silencing, cells were subjected to sub
cellular fractionation yielding cytoplasm, nuclear extract and membrane rich fractions. Western blotting of
different fractions shows AIF retention in membrane rich fractions up to 5th day post siAEBP1 transfection.
AIF intensity shows an increase in the nuclear fraction on 7th day post siAEBP1 transfection. Histone H3 and
GAPDH were used as nuclear and cytoplasmic fractions marker respectively. (d,e) Subcellular localization
of MIF and AIF in U138MG cells upon AEBP1 silencing. Histone H3 and GAPDH are used as nuclear and
cytoplasmic marker.

for PI3Kβ is independent of its kinase activity41. The micro array data from our previous work showed a 1.52 fold
down regulation of PI3KCB upon silencing AEBP18. We have reconfirmed that PI3KCB is indeed down regulated
under AEBP1 down regulated conditions at mRNA and protein level in glioma cells (Fig. 5a–d). When we started
looking for possible reasons for PI3KCB down regulation, we observed that the PI3KCB promoter (−2Kb) has
AEBP1 binding motifs. PI3KCB was also listed as one of the genes with AEBP1 binding motif in our previous
ChIP-chip analysis8. We further validated this by chromatin immune precipitation with anti-AEBP1 antibody
and subsequent semi-quantitative and quantitative PCR of the immune precipitated DNA fragments (Fig. 5e;
Supplementary Fig. 4). Next, we proceeded to demonstrate that AEBP1 does regulate PI3KCB gene regulation by
carrying out luciferase reporter assay with −2000 to +200 bp of PI3kinase 110 CB cloned into pGL3 vector. For
this purpose, both U138MG and HeLa cells were transfected with pGL3 construct and other controls along with
β-galactosidase construct to normalize for transfection efficiency. We observed PIK3CB promoter was indeed
functional in U138MG cells and the promoter activity was decreased upon AEBP1 down regulation (Fig. 5f–i).
There was no functional PIK3CB promoter activity in HeLa cells which does not express AEBP1 (Supplementary
Fig. 5). Hence, it is very likely that down regulation of PI3KCB is most likely the reason for accumulation of DSB
foci observed in our experiments. To identify the positive correlation between AEBP1 and PIK3CB in in vivo,
we downloaded the GBM TCGA dataset42 from cBioportal43 and extracted median expression values of AEBP1
and PIK3CB from PTEN homozygously deleted (n = 12) and non-altered PTEN (n = 154) samples. Correlation
between the AEBP1 and PIK3CB was computed using cor.test function in R software and plotted scatter plot
using ggplot2 R package. As shown in the Fig. 5j, there was strong positive correlation between AEBP1 and
PIK3CB in GBM cases compared to normal tissues. To further substantiate our hypothesis that down regulation
of PI3KCB is a causative event for DSB accumulation in AEBP1 down regulated cells, we carried out a time course
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Figure 4. AIF translocation into nucleus results in γH2AX foci accumulation. (a,b) Immunofluorescence
images showing progressive increase in γH2AX foci upon increasing days of AEBP1 down regulation.
Fluorescence intensity was quantitated and represented in panel b. (Scale Bar-10 μm) ***p < 0.0001 and NS,
Non-significant. (Scrambled (ScSi) versus siAEBP1 treated cells). One-way ANOVA followed by Dunnett’s test
was used to evaluate the statistical differences. The data are expressed as mean ± SD (n = 3). (c) AIF-associates
with γH2AX: Chromatin fraction was isolated from U138MG cells 7 days post siAEBP1 transfection. γH2AX
was immunoprecipitated using Protein A agarose beads and the eluate from the matrix was probed with
anti-AIF and anti-γH2AX antibodies. (d) γH2AX associates with AIF: Chromatin fraction was isolated from
the U138MG cells 7 days post siAEBP1 transfection. AIF was immunoprecipitated using Protein A agarose
beads and the eluate from the matrix was probed with AIF and γH2AX antibodies. (e) γH2AX associates with
MIF: Chromatin fraction was isolated from U138MG cells 7 days post siAEBP1 transfection. γH2AX was
immunoprecipitated using Protein A agarose beads and the eluate from the matrix was probed with anti-AIF,
anti-γH2AX and anti-MIF antibodies.

dependent measurement of PI3Kβ disappearance and appearance of γH2AX foci after AEBP1 down regulation
by immunofluorescence. As can be seen in Fig. 6a, upon AEBP1 down regulation PI3Kβ moves to the nucleus and
PI3K foci can be observed at 3 days post transfection which subsequently decreases significantly on 5th, 7th and
9th days. Conversely, γH2AX foci continuously increase from 3rd day to 9th day post transfection. We validated
these results by over expressing PI3KCB in U138MG cells (Supplementary Fig. 6) and visualized the γH2AX foci
accumulation upon silencing AEBP1. As expected γH2AX foci accumulation was abrogated by PIK3CB over
expression (Fig. 6b) when compared to pcDNA3.1-vector alone treated U138MG cells (Supplementary Fig. 7).
Thus, there is a reciprocal relationship between down regulation of PI3KCB and the increase in γH2AX foci in
AEBP1 depleted cells.

AEBP1 down regulation induces caspase dependent cell death in PTEN-proficient glioma cells.

It is well-known that genetic alterations of tumor suppressor genes could play an essential role in the pathogenesis
of glioma. It has been reported that mutation in PTEN are most frequently found in GBM and has been implicated in the pathogenesis of high-grade glioma44,45. Furthermore, PTEN mutations were detected in more than
70% of glioma cell lines, and the frequencies of these mutations were significantly higher in cell lines than the
glioblastoma tumors46. To verify the PTEN status of glioma cells, we probed for PTEN with anti-PTEN antibody
in U87MG, U138MG, LN18 and LN229 cells. As shown in the Fig. 7a, PTEN-deficient cells such as U87MG and
U138MG cells express mutant PTEN (42KDa) whereas PTEN-proficient cells express wild-type PTEN (55KDa).
We also verified this by sequencing the cDNA of U87MG, U138MG, LN18 and LN229 cell lines with two pairs of
PTEN wild-type sequence-specific primers (Supplementary Table 2) and found that U87MG and U138MG cells
possess two different missense mutations in PTEN exon sequences while there were no mutations in PTEN exon
sequences of LN18 and LN229 cells (Supplementary Table 1).
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Figure 5. AEBP1 positively regulates PI3KCB. (a,b) qRT-PCR for PI3KCB expression in ScSi control and
siAEBP1 treated U138MG (a) and LN18 (b) cells. *p < 0.05 and ***p < 0.0001. (Scrambled (ScSi) versus
siAEBP1 treated cells). One-way ANOVA followed by Dunnett’s test was used to evaluate the statistical
differences. The data are expressed as mean ± SD (n = 3). (c,d) Western blot analysis of PI3KCB upon AEBP1
down regulation in U138MG (c) and LN18 (d) cells. The 5th day lane shows decrease in PI3KCB signal which is
completely absent in post 7th day of siAEBP1 transfected cells. ScSi treated cells was used as a negative control.
(e) ChIP-PCR of PI3KCB promoter sequence (−2Kb) showing AEBP1 interaction with the PI3KCB promoter
in U138MG cells. DMTF, SIVA-1 and ERBB2 gene promoter loci were used as negative controls. (f–i) Luciferase
reporter assay driven by PI3KCB promoter in U138MG cells upon silencing of AEBP1 for different time periods
of time. Cells were transfected with constructs of pGL3-Luciferase Basic vector containing one of the following:
CMV promoter, promoter region of the gene FABP4 (transcriptionally repressed by AEBP1), and PI3KCB
promoter region. Luciferase assay was performed at different time points after siAEBP1 treatment. *p < 0.05
and ***p < 0.0001. (Scrambled (ScSi) versus siAEBP1 treated cells). One-way ANOVA followed by Dunnett’s
test was used to evaluate the statistical significance. The data are expressed as mean ± SD (n = 3). (j) Correlation
between AEBP1 and PIK3CB expression levels in GBM patients in relation to normal brain tissues retrieved
from TCGA database through cBioPortal (http://www.cbioportal.org/). White dots refer to individual GBM
patients. r - Pearson correlation coefficient and p – statistical significance.
An earlier study has revealed that AEBP1 negatively regulates adipose tissue PTEN levels, in conjunction with
its role in proliferation and differentiation of pre-adipocytes47. PTEN also acts as a critical determinant of cell
fate, regarding senescence and apoptosis in glioma cells under ionization radiation exposure48. We were curious
to examine whether the process of cell death observed in PTEN deficient glioma cells (U138MG and U87MG)
also occurs in PTEN proficient glioma cells (LN18 and LN229) upon AEBP1 down regulation. We performed
AEBP1 silencing in LN18 and LN229 cells and observed maximum down regulation at 72 hrs of post-transfection
for LN18 and LN229 cells respectively (Supplementary Fig. 8a,b). Thus, siRNA pool was replenished every
60 hours in LN18 and LN229 cells for over a period of 11 days and assessed for cellular proliferation by the MTT
assay. As shown in Supplementary Fig. 1c, there was no aberrant change in the cell viability until the 3rd day of
post-transfection. Nevertheless, there was a significant reduction in the cell viability from 5th day onwards suggesting that silencing of AEBP1 resulted in cell death in PTEN-proficient cells also. Interestingly, the activation
of caspase 3, loss of MOMP and cleavage of PARP-1 was observed after 5 days of post-transfection in LN18 cells
upon AEBP1 down regulation (Fig. 7b) in contrast to PTEN-deficient U138MG and U87MG cells. Together, these
data show that AEBP1 down regulation induces caspase-dependent cell death in PTEN-proficient glioma cells.
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Figure 6. Ectopic expression of PIK3CB impedes the γH2AX foci accumulation in AEBP1 depleted U138MG
cells. (a) Triple Immunofluorescence images of AEBP1 down regulated cells at different time points showing
an increase in γH2AX foci showing translocation of PI3Kβ to the nucleus 3days post siAEBP1 transfection. At
both time points, PI3Kβ is progressively down regulated. (Scale Bar −10 μm). (b) Overexpression of PIK3CB
in trans abrogates accumulation of γH2AX foci in AEBP1 down regulated cells: Immunofluorescence images
showing decreased γH2AX foci accumulation upon AEBP1 downregulation under the condition of PI3KCB
overexpression. U138MG cells were transfected with pcDNA-PIK3CB ORF clone construct and treated with
ScSi and siAEBP1 RNA for different time points. (Scale Bar −10 μm).

Ectopic expression of wild type PTEN in U138MG cells induces the caspase and Akt dependent cell
death pathway upon AEBP1 down regulation. From these results described above, we conclude that PTEN

status in glioma determines the cell fate either through caspase-dependent or independent cell death pathway. Thus,
we were curious to know what happens if we provide wild type PTEN (PTENWT) in trans to PTEN-deficient cells. We
transfected the pcDNA-PTENWT constructs into U138MG and U87MG cells and scored for caspase 3 and PARP-1
activation after silencing AEBP1. PTENWT expression was observed after 72 hrs of post-transfection when compared
to pcDNA 3.1+ construct alone transfected cells (Fig. 7c). We observed cleaved caspase 3 and PARP-1 after the 3rd day
in U87MG cells and 5th day in U138MG cells of AEBP1 post silencing and increased subsequently on 7th and 9th day
on both cells (Fig. 7d,e). These results indicate that PTEN-deficient cells choose caspase dependent cell death when
PTEN is provided in trans. We also found that nucleosomal ladder formation in pcDNA-PTENWT-U138MG cells upon
AEBP1 down regulation (Fig. 7f). This trend was corroborated with PTEN-proficient cells LN18 on 5th day of post
AEBP1 down regulation (Fig. 7b). These results show that AEBP1 depletion induces caspase-dependent and PARP-1
mediated cell death in the presence of PTENWT in the PTEN-deficient cells.
It is well-known that Phosphatidylinositol-3-kinase (PI3K) pathway, a downstream target pathway plays
an essential role in regulating cell death and cell cycle arrest49,50. PTEN induces apoptosis and cell cycle arrest
through PI3K/Akt dependent and independent pathways in breast cancer cells51. Importantly, correction of
PTEN mutations in glioblastoma cell lines through gene editing resulted in reduced cell proliferation which was
Akt-dependent in 42MGBA cells and Akt-independent in T98G cells52. To assess the effect of ectopic expression
of PTENWT in U138MG cells we performed western blots on protein lysates using Akt specific and pAkt specific
antibodies. We observed that expression level of Akt was unaltered in all conditions but there was a significant decrease in pAkt levels from the 3rd day of AEBP1 silencing under PTENWT ectopic expression conditions
(Fig. 7g,h; Supplementary Fig. 9). We also validated this trend in PTEN-proficient cells LN18 and LN229 upon
down regulation of AEBP1 (Supplementary Fig. 10). These results show that ectopic expression of PTENWT in
U138MG cells induces the Akt dependent cell death pathway in AEBP1 depleted cells. Having these results, we
were interested to see the correlation between AEBP1 and PIK3CB expression in GBM patients under PTEN
mutated conditions. We again screened the GBM-TCGA datasets and extracted the data from PTEN deleted
GBM tissue samples. As shown in the Supplementary Fig. 11 there is no significant correlation between AEBP1
and PI3Kbeta expression in PTEN deleted GBM cases. This shows that PI3Kbeta expression in clinical GBM
tumor tissues was independent of PTEN status. Overall, these results show that PTEN status determines the
choice of cell death pathway in AEBP1 depleted glioma cells.
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Figure 7. Ectopic expression of PTENWT (PTEN-wild type) in AEBP1 depleted U138MG and U87MG
cells restores the caspase dependent cell death pathway. (a) Western blot analysis of wild type and mutant
PTEN protein expression in different GBM cell lines. (b) Levels of PARP-1, cleaved PARP-1, cleaved caspase
3 upon AEBP1 silencing in LN18 cells at different time points. GAPDH was used as a loading control in
all the experiments. (c) Western blot analysis of ectopic expression of PTENWT in U138MG and U87MG
cells. U138MG and U87MG cells were transfected with pcDNA 3.1+ (VA) or pcDNA-PTENWT (PTENWT)
constructs. Total protein was extracted after 72 hrs of post transfection and probed for PTEN. (d,e) Levels of
PARP-1, cleaved PARP-1, cleaved caspase 3 upon AEBP1 silencing in U138MG (d) and U87MG (e) cells after
PTENWT transfection at different time points. GAPDH was used as a loading control in all the experiments. (f)
Accumulation of large scale DNA fragments was observed in U138MG-ScSi and U138MG-PTENWT-ScSi cells
on 7th day of post siAEBP1 transfection (lane 3 and 4). Ectopic expression of pcDNA-PTENWT in U138MG cells
induces DNA ladder formation upon AEBP1 silencing on 5th and 7th day of post transfection (lane 5 and 6).
AEBP1 silencing in LN18 cells shows DNA ladder formation on 5th day of post transfection (lane 7) compared
to ScSi treated cells (lane 8). (g) Western blot analysis for Akt and phospho-Akt (pAkt) upon AEBP1 down
regulation in pcDNA-PTENWT cells. (h) Densitometric analysis of Akt and pAkt in AEBP1 depleted cells
transfected with pcDNA-PTENWT construct. One-way ANOVA followed by Dunnett’s test was used to evaluate
the statistical differences. ***p < 0.0001 and NS, Non-significant. (Scrambled (ScSi) versus siAEBP1 treated
cells). The data are expressed as mean ± SD (n = 3).

Discussion

Despite the enormous progress in our knowledge on the molecular and genetic basis of glioma, little progress has
been made on molecular de-regulation of cell death pathways in glioma53. Glioblastoma multiforme (GBM) is the
most malignant tumor of the brain, associated with one of the worst survival rates among all human cancers54.
Even after aggressive multimodal treatment of surgical resection, local radiotherapy, and systemic chemotherapy,
the median survival after diagnosis is still around 12–15 months55. After the advent of next-generation sequencing technology, it is clear that glioblastoma exhibits aberrant metabolic reprogramming56 and striking cellular and
molecular heterogeneity9 which prevents the effectiveness of the new clinical practice.
In an effort to identify glioblastoma specific diagnostic and prognostic markers through microarray analysis,
AEBP1 was found up-regulated to greater than 4-fold in primary glioblastoma1. AEBP1 is a member of the carboxypeptidase family and is shown to regulate adipogenesis acting as a transcriptional repressor2. Transcription
factors play a crucial role in the regulation of cellular survival, unrestrained growth and metastatic behavior of all
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human cancer. In our earlier report, we showed that AEBP1 down regulation results in cell death in both U87MG
and U138MG glioma cells8. We observed perturbation of several apoptotic and growth associated genes under
AEBP1 down regulation. With this background, we were interested to identify the detailed molecular mechanism
of cell death in glioma cells under AEBP1 depleted conditions.
In this study, we have shown the role of AEBP1 in initiating caspase-independent cell death in U138MG
cells. We observed the disruption of the MOMP and the release of AIF into the cytosol and its subsequent
translocation into the nucleus upon silencing AEBP1. One of the immediate effects of AIF translocation into
the nucleus is peripheral chromatin condensation57. AIF as a mitochondrial oxidoreductase that mediates the
caspase-independent cell death12,58. AIF is believed to bind directly to DNA31 and the crystal structure of human
AIF has revealed the presence of a strong positive electrostatic potential at the AIF surface, and this electrostatic
interaction between AIF and DNA is independent of the DNA sequence59. The mechanism by which AIF triggers
DNA fragmentation is still not clear. In Caenorhabditis elegans, WAH1, a homolog of AIF, associates with CPS-6,
the homolog of mammalian endonuclease G. This association enhances the nuclease activity of CPS-6 and results
in apoptotic DNA degradation13. It is quite probable that AIF and cyclophilin A collaborate in chromatinolysis35.
The mechanism of loss of MOMP following AEBP1 down regulation resulting in the release of AIF involves the
death effector molecule PARP-1. It is an abundant nuclear protein that acts as a molecular sensor of DNA strand
breaks and mediates its repair32. Thus, the extent of activation of PARP-1 might be a critical factor that regulates
whether cells either die or survive following DNA damage. We observed that a rapid and substantial PAR polymer
formation takes place by 5th day post transfection of AEBP1 siRNA. Depending on the stimuli, PAR formed can
vary in length and in the frequency of branching. This structural heterogeneity by PAR may be in part responsible
for distinguishing between the life and death functions of PARP-117. PAR polymer formed is highly charged in
nature and it could conceivably depolarize mitochondria leading to permeability transition and subsequent AIF
release. Alternatively, PAR polymer could bind to PAR polymer binding proteins in mitochondria17,18, which
then triggers AIF release from the mitochondria. At the molecular level PARP-1 activation leads to the accumulation of PAR and the depletion of NAD+ and ATP which might disrupt the MOMP60. A very recent study
has shown that this bioenergetics collapse might not involve NAD but may be due to PAR-dependent inhibition
of glycolysis through a direct inhibition of hexokinase activity61. Thus, PAR seems to be a crucial molecule in
caspase-independent AIF mediated cell death. Subsequent release of AIF is a two-step process involving cleavage
of AIF to be released from the inner membrane and then through the outer mitochondrial membrane by disruption of MOMP31. Interestingly, an earlier study has shown that AIF interacts with MIF and recruits MIF to the
nucleus and induces chromatinolysis19. Furthermore, MIF was upregulated in gastric cancer, pancreatic cancer,
melanoma, hepatocellular carcinoma, malignant glioma and cervical adenocarcinoma62. It plays an important
pathogenetic role in malignant progression of GBM and other CNS tumours63,64. In particular, a substantial
increase of MIF expression in human GBM has been reported65,66. We also observed that MIF was recruited into
nucleus along with AIF upon AEBP1 silencing in U138MG cells. Importantly, MIF was identified as a PARP1-dependent AIF-associated nuclease that is required for parthanatos19.
In our previous study we observed enrichment of genes pertaining to activation of PI3Kinase signaling upon
AEBP1 down regulation in U87MG and U138MG cells8. The present study has also shown that the process of
cell death initiation in U138MG glioma cells under AEBP1 depleted condition is possibly mediated through
the transcriptional control of PI3KCB. We have demonstrated that AEBP1 binds to the promoter of PI3kinase
β resulting in the activation of its transcription. PI3Kinases are a family of enzymes that act downstream of cell
surface receptors leading to activation of multiple signaling pathways regulating cellular growth, proliferation,
motility, and survival67. Disruption of normal PI3K signaling is observed in cancer and many other diseases22.
Out of the many isoforms of PI3K, PIK3CB from class 1A, also called p110β, has been implicated in tumorigenesis of PTEN-null mouse models and cell lines21,41. In human, mutant p110α is oncogenic, whereas p110-β
wild-type form is oncogenic68. PIK3CB down-regulation results in cell death pathway inactivation and inhibition
of growth in both cell-based assays and in vivo animal models. This vital function of PIK3CB in PTEN-deficient
cancer cells requires its lipid kinase activity suggesting that PTEN-deficient tumors are dependent on p110β signaling69. PTEN is one of the most frequently mutated tumor suppressor gene in glioma compared to other genes
such as p53, p16 and p14ARF46. A complete loss of PTEN has been observed in glioblastoma and endometrial
cancer, and PTEN mutations are also associated with advanced cancers and metastases70. This may be as a result
of the accumulation of PIP3 which promotes the recruitment of the serine/threonine kinase Akt. Akt activation
promotes cell survival, proliferation, growth, angiogenesis, and therefore is an important survival signal70. Also,
PTEN-deficient cells enter senescence following ionization radiation (IR) exposure due to its active Akt signaling
whereas PTEN-proficient cells undergo apoptosis upon IR exposure48. It is well known that AEBP1 interacts with
PTEN and modulates the adiposity and progression of Alzheimer’s disease47,71. Independent of well-established
Akt kinase activity in cell survival, PI3Kβ is also necessary for sensing double-stranded DNA breaks, as it regulates
binding of the Nbs1 sensor protein to Double Strand Breaks (DSBs). In PI3Kβ-deficient cells, the sensing complex
MRE-11-Nbs-1 complex fails to recognize DSBs resulting in general defects of ATM and ATR repair pathway and
genomic instability61. In the present study, we have shown that upon AEBP1 down regulation in PTEN-deficient
cells there is a decrease in PI3Kβ which in return can influence ATM and ATR repair pathway and DNA damage.
Cancer cells inherently have compromised genomic integrity38. Thus, the down regulation of PI3KCB under the
AEBP1 silenced conditions results in an accumulation of DSBs as demonstrated by γH2AX foci.
The results presented here also show that AEBP1 down regulation in PTEN-proficient cells (LN18 and
LN229 cells) activates caspase-dependent cell death pathway in contrast to caspase independent pathway in
PTEN-deficient cells. Previous studies have shown that PTEN gene transfer in glioma cells72 or correction of PTEN
gene via genome editing52 suppressed the growth of glioma cells. Most interestingly, ectopic expression of wild type
PTEN in both U87MG and U138MG cells induced caspase and Akt dependent cell death mechanism. Thus, PTEN
acts as an essential determinant of the process of cell death switch between chromatinolysis and apoptosis in the
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glioma cell lines U87MG, U138MG, LN18 and LN229 cells. There is evidence that AEBP1 and PTEN interact in
the context of adipogenesis and Alzheimer disease47,71. It is quite likely that such an interaction might also occur in
GBM tumor cells. However, it cannot be ascertained at present how such an interaction might influence the choice
of cell death pathway between classical caspase dependent apoptosis and parthanatos. The fact that AEBP1 is necessary for cellular viability in both PTEN-proficient and PTEN-deficient tumor cells, suggests that AEBP1 can be
a good potential target for therapeutic intervention in glioma patients in general irrespective of the PTEN status.
Therapeutic applications of small molecules targeted at transcription factors are increasingly gaining importance,
and it is expected that these approaches may revolutionize the anticancer drug options in the near future.

References

1. Reddy, S. P. et al. Novel glioblastoma markers with diagnostic and prognostic value identified through transcriptome analysis.
Clinical cancer research: an official journal of the American Association for Cancer Research 14, 2978–2987, https://doi.
org/10.1158/1078-0432.CCR-07-4821 (2008).
2. He, G. P., Muise, A., Li, A. W. & Ro, H. S. A eukaryotic transcriptional repressor with carboxypeptidase activity. Nature 378, 92–96,
https://doi.org/10.1038/378092a0 (1995).
3. Layne, M. D. et al. Aortic carboxypeptidase-like protein, a novel protein with discoidin and carboxypeptidase-like domains, is upregulated during vascular smooth muscle cell differentiation. The Journal of biological chemistry 273, 15654–15660 (1998).
4. Li, Z., Szabolcs, M., Terwilliger, J. D. & Efstratiadis, A. Prostatic intraepithelial neoplasia and adenocarcinoma in mice expressing a
probasin-Neu oncogenic transgene. Carcinogenesis 27, 1054–1067, https://doi.org/10.1093/carcin/bgi324 (2006).
5. Hu, W. et al. AEBP1 upregulation confers acquired resistance to BRAF (V600E) inhibition in melanoma. Cell death & disease 4,
e914, https://doi.org/10.1038/cddis.2013.441 (2013).
6. Holloway, R. W. et al. Stromal adipocyte enhancer-binding protein (AEBP1) promotes mammary epithelial cell hyperplasia via
proinflammatory and hedgehog signaling. The Journal of biological chemistry 287, 39171–39181, https://doi.org/10.1074/jbc.
M112.404293 (2012).
7. Cheon, D. J. et al. A collagen-remodeling gene signature regulated by TGF-beta signaling is associated with metastasis and poor
survival in serous ovarian cancer. Clinical cancer research: an official journal of the American Association for Cancer Research 20,
711–723, https://doi.org/10.1158/1078-0432.CCR-13-1256 (2014).
8. Ladha, J., Sinha, S., Bhat, V., Donakonda, S. & Rao, S. M. Identification of genomic targets of transcription factor AEBP1 and its role
in survival of glioma cells. Molecular cancer research: MCR 10, 1039–1051, https://doi.org/10.1158/1541-7786.MCR-11-0488 (2012).
9. Aum, D. J. et al. Molecular and cellular heterogeneity: the hallmark of glioblastoma. Neurosurgical focus 37, E11, https://doi.
org/10.3171/2014.9.FOCUS14521 (2014).
10. Stupp, R. et al. Effects of radiotherapy with concomitant and adjuvant temozolomide versus radiotherapy alone on survival in
glioblastoma in a randomised phase III study: 5-year analysis of the EORTC-NCIC trial. The Lancet. Oncology 10, 459–466, https://
doi.org/10.1016/S1470-2045(09)70025-7 (2009).
11. Lefranc, F., Rynkowski, M., DeWitte, O. & Kiss, R. Present and potential future adjuvant issues in high-grade astrocytic glioma
treatment. Advances and technical standards in neurosurgery 34, 3–35 (2009).
12. Susin, S. A. et al. Molecular characterization of mitochondrial apoptosis-inducing factor. Nature 397, 441–446, https://doi.
org/10.1038/17135 (1999).
13. Wang, X. et al. C. elegans mitochondrial factor WAH-1 promotes phosphatidylserine externalization in apoptotic cells through
phospholipid scramblase SCRM-1. Nature cell biology 9, 541–549, https://doi.org/10.1038/ncb1574 (2007).
14. Herker, E. et al. Chronological aging leads to apoptosis in yeast. The Journal of cell biology 164, 501–507, https://doi.org/10.1083/
jcb.200310014 (2004).
15. Cregan, S. P., Dawson, V. L. & Slack, R. S. Role of AIF in caspase-dependent and caspase-independent cell death. Oncogene 23,
2785–2796, https://doi.org/10.1038/sj.onc.1207517 (2004).
16. Yu, S. W. et al. Apoptosis-inducing factor mediates poly(ADP-ribose) (PAR) polymer-induced cell death. Proceedings of the National
Academy of Sciences of the United States of America 103, 18314–18319, https://doi.org/10.1073/pnas.0606528103 (2006).
17. Andrabi, S. A. et al. Poly(ADP-ribose) (PAR) polymer is a death signal. Proceedings of the National Academy of Sciences of the United
States of America 103, 18308–18313, https://doi.org/10.1073/pnas.0606526103 (2006).
18. Andrabi, S. A., Dawson, T. M. & Dawson, V. L. Mitochondrial and nuclear cross talk in cell death: parthanatos. Annals of the New
York Academy of Sciences 1147, 233–241, https://doi.org/10.1196/annals.1427.014 (2008).
19. Wang, Y. et al. A nuclease that mediates cell death induced by DNA damage and poly(ADP-ribose) polymerase-1. Science 354,
https://doi.org/10.1126/science.aad6872 (2016).
20. Aredia, F. & Scovassi, A. I. Poly(ADP-ribose): a signaling molecule in different paradigms of cell death. Biochemical pharmacology
92, 157–163, https://doi.org/10.1016/j.bcp.2014.06.021 (2014).
21. Wee, S. et al. PTEN-deficient cancers depend on PIK3CB. Proceedings of the National Academy of Sciences of the United States of
America 105, 13057–13062, https://doi.org/10.1073/pnas.0802655105 (2008).
22. Yuan, T. L. & Cantley, L. C. PI3K pathway alterations in cancer: variations on a theme. Oncogene 27, 5497–5510, https://doi.
org/10.1038/onc.2008.245 (2008).
23. Allen, R. T., Hunter, W. J. 3rd & Agrawal, D. K. Morphological and biochemical characterization and analysis of apoptosis. Journal
of pharmacological and toxicological methods 37, 215–228 (1997).
24. Budihardjo, I., Oliver, H., Lutter, M., Luo, X. & Wang, X. Biochemical pathways of caspase activation during apoptosis. Annual
review of cell and developmental biology 15, 269–290, https://doi.org/10.1146/annurev.cellbio.15.1.269 (1999).
25. Wu, J., Liu, T., Xie, J., Xin, F. & Guo, L. Mitochondria and calpains mediate caspase-dependent apoptosis induced by doxycycline in
HeLa cells. Cellular and molecular life sciences: CMLS 63, 949–957, https://doi.org/10.1007/s00018-005-5565-6 (2006).
26. Ahler, E. et al. Doxycycline alters metabolism and proliferation of human cell lines. PloS one 8, e64561, https://doi.org/10.1371/
journal.pone.0064561 (2013).
27. Kantari, C. & Walczak, H. Caspase-8 and bid: caught in the act between death receptors and mitochondria. Biochimica et biophysica
acta 1813, 558–563, https://doi.org/10.1016/j.bbamcr.2011.01.026 (2011).
28. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: application to proliferation and cytotoxicity assays. Journal
of immunological methods 65, 55–63 (1983).
29. Urbano, A. et al. AIF suppresses chemical stress-induced apoptosis and maintains the transformed state of tumor cells. The EMBO
journal 24, 2815–2826, https://doi.org/10.1038/sj.emboj.7600746 (2005).
30. Ye, H. et al. DNA binding is required for the apoptogenic action of apoptosis inducing factor. Nature structural biology 9, 680–684,
https://doi.org/10.1038/nsb836 (2002).
31. Parrish, J. Z. & Xue, D. Functional genomic analysis of apoptotic DNA degradation in C. elegans. Molecular cell 11, 987–996 (2003).
32. Hong, S. J., Dawson, T. M. & Dawson, V. L. Nuclear and mitochondrial conversations in cell death: PARP-1 and AIF signaling.
Trends in pharmacological sciences 25, 259–264, https://doi.org/10.1016/j.tips.2004.03.005 (2004).
33. Otera, H., Ohsakaya, S., Nagaura, Z., Ishihara, N. & Mihara, K. Export of mitochondrial AIF in response to proapoptotic stimuli depends
on processing at the intermembrane space. The EMBO journal 24, 1375–1386, https://doi.org/10.1038/sj.emboj.7600614 (2005).

Scientific Reports |

(2019) 9:14577 | https://doi.org/10.1038/s41598-019-51068-1

14

www.nature.com/scientificreports/

www.nature.com/scientificreports

34. Hong, S. J., Dawson, T. M. & Dawson, V. L. In Poly(ADP-Ribosyl)ation 103–117 (Springer US, 2006).
35. Cande, C. et al. AIF and cyclophilin A cooperate in apoptosis-associated chromatinolysis. Oncogene 23, 1514–1521, https://doi.
org/10.1038/sj.onc.1207279 (2004).
36. Chan, D., Frank, S. & Rojo, M. Mitochondrial dynamics in cell life and death. Cell death and differentiation 13, 680–684, https://doi.
org/10.1038/sj.cdd.4401857 (2006).
37. Mittelbronn, M. et al. Macrophage migration inhibitory factor (MIF) expression in human malignant gliomas contributes to
immune escape and tumour progression. Acta neuropathologica 122, 353–365, https://doi.org/10.1007/s00401-011-0858-3 (2011).
38. Hoeijmakers, J. H. DNA damage, aging, and cancer. The New England journal of medicine 361, 1475–1485, https://doi.org/10.1056/
NEJMra0804615 (2009).
39. Hassa, P. O., Haenni, S. S., Elser, M. & Hottiger, M. O. Nuclear ADP-ribosylation reactions in mammalian cells: where are we today
and where are we going? Microbiology and molecular biology reviews: MMBR 70, 789–829, https://doi.org/10.1128/MMBR.00040-05
(2006).
40. Jackson, S. P. Sensing and repairing DNA double-strand breaks. Carcinogenesis 23, 687–696 (2002).
41. Engelman, J. A., Luo, J. & Cantley, L. C. The evolution of phosphatidylinositol 3-kinases as regulators of growth and metabolism.
Nature reviews. Genetics 7, 606–619, https://doi.org/10.1038/nrg1879 (2006).
42. Brennan, C. W. et al. The somatic genomic landscape of glioblastoma. Cell 155, 462–477, https://doi.org/10.1016/j.cell.2013.09.034
(2013).
43. Gao, J. et al. Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal. Science signaling 6, pl1,
https://doi.org/10.1126/scisignal.2004088 (2013).
44. Rasheed, B. K. et al. PTEN gene mutations are seen in high-grade but not in low-grade gliomas. Cancer research 57, 4187–4190
(1997).
45. Kitange, G. J., Templeton, K. L. & Jenkins, R. B. Recent advances in the molecular genetics of primary gliomas. Current opinion in
oncology 15, 197–203 (2003).
46. Ishii, N. et al. Frequent co-alterations of TP53, p16/CDKN2A, p14ARF, PTEN tumor suppressor genes in human glioma cell lines.
Brain pathology 9, 469–479 (1999).
47. Ro, H. S. et al. Adipocyte enhancer-binding protein 1 modulates adiposity and energy homeostasis. Obesity 15, 288–302, https://doi.
org/10.1038/oby.2007.569 (2007).
48. Lee, J. J. et al. PTEN status switches cell fate between premature senescence and apoptosis in glioma exposed to ionizing radiation.
Cell death and differentiation 18, 666–677, https://doi.org/10.1038/cdd.2010.139 (2011).
49. Di Cristofano, A. & Pandolfi, P. P. The multiple roles of PTEN in tumor suppression. Cell 100, 387–390 (2000).
50. Carpenter, C. L. & Cantley, L. C. Phosphoinositide kinases. Current opinion in cell biology 8, 153–158 (1996).
51. Weng, L.-P., Brown, J. L. & Eng, C. PTEN induces apoptosis and cell cycle arrest through phosphoinositol-3-kinase/Akt-dependent
and ‐independent pathways. Human Molecular Genetics 10, 237–242, https://doi.org/10.1093/hmg/10.3.237 (2001).
52. Hill, V. K., Kim, J. S., James, C. D. & Waldman, T. Correction of PTEN mutations in glioblastoma cell lines via AAV-mediated gene
editing. PloS one 12, e0176683, https://doi.org/10.1371/journal.pone.0176683 (2017).
53. Wojton, J., Meisen, W. H. & Kaur, B. How to train glioma cells to die: molecular challenges in cell death. Journal of neuro-oncology
126, 377–384, https://doi.org/10.1007/s11060-015-1980-1 (2016).
54. Cancer Genome Atlas Research, N. Comprehensive genomic characterization defines human glioblastoma genes and core pathways.
Nature 455, 1061–1068, https://doi.org/10.1038/nature07385 (2008).
55. Smith, J. S. & Jenkins, R. B. Genetic alterations in adult diffuse glioma: occurrence, significance, and prognostic implications.
Frontiers in bioscience: a journal and virtual library 5, D213–231 (2000).
56. Ahmad, F. et al. Nrf2-driven TERT regulates pentose phosphate pathway in glioblastoma. Cell death & disease 7, e2213, https://doi.
org/10.1038/cddis.2016.117 (2016).
57. Wang, X., Yang, C., Chai, J., Shi, Y. & Xue, D. Mechanisms of AIF-mediated apoptotic DNA degradation in Caenorhabditis elegans.
Science 298, 1587–1592, https://doi.org/10.1126/science.1076194 (2002).
58. Joza, N. et al. Essential role of the mitochondrial apoptosis-inducing factor in programmed cell death. Nature 410, 549–554, https://
doi.org/10.1038/35069004 (2001).
59. Cande, C., Cecconi, F., Dessen, P. & Kroemer, G. Apoptosis-inducing factor (AIF): key to the conserved caspase-independent
pathways of cell death? Journal of cell science 115, 4727–4734 (2002).
60. Alano, C. C. et al. NAD+ depletion is necessary and sufficient for poly(ADP-ribose) polymerase-1-mediated neuronal death. The Journal
of neuroscience: the official journal of the Society for Neuroscience 30, 2967–2978, https://doi.org/10.1523/JNEUROSCI.5552-09.2010
(2010).
61. Andrabi, S. A. et al. Poly(ADP-ribose) polymerase-dependent energy depletion occurs through inhibition of glycolysis. Proceedings
of the National Academy of Sciences of the United States of America 111, 10209–10214, https://doi.org/10.1073/pnas.1405158111
(2014).
62. Kindt, N., Journe, F., Laurent, G. & Saussez, S. Involvement of macrophage migration inhibitory factor in cancer and novel
therapeutic targets. Oncology letters 12, 2247–2253, https://doi.org/10.3892/ol.2016.4929 (2016).
63. Bach, J. P. et al. The role of macrophage inhibitory factor in tumorigenesis and central nervous system tumors. Cancer 115,
2031–2040, https://doi.org/10.1002/cncr.24245 (2009).
64. Xu, S. et al. Macrophage migration inhibitory factor enhances autophagy by regulating ROCK1 activity and contributes to the escape
of dendritic cell surveillance in glioblastoma. International journal of oncology 49, 2105–2115, https://doi.org/10.3892/ijo.2016.3704
(2016).
65. Markert, J. M. et al. Differential gene expression profiling in human brain tumors. Physiological genomics 5, 21–33, https://doi.
org/10.1152/physiolgenomics.2001.5.1.21 (2001).
66. Bacher, M. et al. Up-regulation of macrophage migration inhibitory factor gene and protein expression in glial tumor cells during
hypoxic and hypoglycemic stress indicates a critical role for angiogenesis in glioblastoma multiforme. The American journal of
pathology 162, 11–17, https://doi.org/10.1016/S0002-9440(10)63793-5 (2003).
67. Jia, S. et al. Essential roles of PI(3)K-p110beta in cell growth, metabolism and tumorigenesis. Nature 454, 776–779, https://doi.
org/10.1038/nature07091 (2008).
68. Kang, S., Denley, A., Vanhaesebroeck, B. & Vogt, P. K. Oncogenic transformation induced by the p110beta, -gamma, and -delta
isoforms of class I phosphoinositide 3-kinase. Proceedings of the National Academy of Sciences of the United States of America 103,
1289–1294, https://doi.org/10.1073/pnas.0510772103 (2006).
69. Ali, I. U., Schriml, L. M. & Dean, M. Mutational spectra of PTEN/MMAC1 gene: a tumor suppressor with lipid phosphatase activity.
Journal of the National Cancer Institute 91, 1922–1932 (1999).
70. Chang, F. et al. Involvement of PI3K/Akt pathway in cell cycle progression, apoptosis, and neoplastic transformation: a target for
cancer chemotherapy. Leukemia 17, 590–603, https://doi.org/10.1038/sj.leu.2402824 (2003).
71. Shijo, M. et al. Association of adipocyte enhancer-binding protein 1 with Alzheimer’s disease pathology in human hippocampi.
Brain pathology 28, 58–71, https://doi.org/10.1111/bpa.12475 (2018).
72. Wick, W., Furnari, F. B., Naumann, U., Cavenee, W. K. & Weller, M. PTEN gene transfer in human malignant glioma: sensitization
to irradiation and CD95L-induced apoptosis. Oncogene 18, 3936–3943, https://doi.org/10.1038/sj.onc.1202774 (1999).

Scientific Reports |

(2019) 9:14577 | https://doi.org/10.1038/s41598-019-51068-1

15

www.nature.com/scientificreports/

www.nature.com/scientificreports

Acknowledgements

M.R.S. Rao thanks Department of Science and Technology, Government of India for J.C. Bose and SERB Distinguished
Fellowships and this work was financially supported by Department of Biotechnology, Govt. of India (Grant Numbers:
BT/01/COE/07/09 and DBT/INF/22/SP27679/2018).

Author Contributions

S.S., A.R. and M.R.S.R. designed the experiments, analysed the data and wrote the manuscript. S.S., A.R., P.B.N.
and V.B. carried out the molecular biological, cell biological and genetic experiments. A.R. and B.S.M. performed
the mutation screening of PTEN and ectopic expression of PTEN in glioma cell lines. All the authors read and
approved the manuscript.

Additional Information

Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-51068-1.
Competing Interests: The authors declare no competing interests.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2019

Scientific Reports |

(2019) 9:14577 | https://doi.org/10.1038/s41598-019-51068-1

16

